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Human immunodeficiency virus type 1 (HIV-1) carries virus-encoded and host-derived proteins. Recent
advances in the functional characterization of host molecules inserted into mature virus particles have revealed
that HIV-1 biology is influenced by the acquisition of host cell membrane components. The CD28/B7 receptor/
ligand system is considered one of the fundamental elements of the normal immune response. Two major cell
types that harbor HIV-1 in vivo, i.e., monocytes/macrophages and CD4™ T cells, express the costimulatory
molecules CD80 (B7.1) and CD86 (B7.2). We investigated whether CD80 and CD86 are efficiently acquired by
HIV-1, and if so, whether these host-encoded molecules can contribute to the virus life cycle. Here we provide
the first evidence that the insertion of CD80 and CD86 into HIV-1 increases virus infectivity by facilitating the
attachment and entry process due to interactions with their two natural ligands, CD28 and CTLA-4. Moreover,
we demonstrate that NF-kB is induced by CD80- and CD86-bearing virions when they are combined with the
engagement of the T-cell receptor/CD3 complex, an event that is inhibited upon surface expression of CTLA-4.
Finally, both CD80 and CD86 were found to be efficiently incorporated into R5- and X4-tropic field strains of
HIV-1 expanded in cytokine-treated macrophages. Thus, besides direct interactions between the virus envelope
glycoproteins and cell surface constituents, such as CD4 and some specific chemokine coreceptors, HIV-1 may
attach to target cells via interactions between cell-derived molecules incorporated into virions and their natural

ligands. These findings support the theory that HIV-1-associated host proteins alter virus-host dynamics.

It is now well established that enveloped viruses differ in
their abilities to exclude host proteins from their envelope
during the budding process (for a review, see reference 22).
For example, host constituents are virtually excluded from
alphavirus particles, while retroviruses and rhabdoviruses are
less selective in the assembly of their envelope and allow the
incorporation of a large number of host-cell-derived proteins.
The nature of the factor(s) contributing to this process is still
obscure, but it may involve the various complex interactions
that take place between the viral envelope and the matrix
proteins during the formation of the retroviral particle. During
the last few years, several studies have aimed to identify cel-
lular proteins that are incorporated into human immunodefi-
ciency virus type 1 (HIV-1) particles and their biological ef-
fect(s) on the virus life cycle (reviewed in reference 52). It has
been shown that some virion-anchored host molecules posi-
tively affect the HIV-1 attachment and entry processes through
interactions with their cognate ligands on the target cell sur-
face. For example, HLA-DR increases the HIV-1 infectivity
for CD4-expressing cells approximately 2-fold, while acquisi-
tion of the adhesion molecule ICAM-1 enhances the virus
infectivity for LFA-1-expressing cells up to 10-fold (10, 18).
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Other studies revealed that the surface expression of LFA-1 in
an activated conformational state for ICAM-1 markedly en-
hances the susceptibility of such target cells to infection by
ICAM-1-bearing HIV-1 virions (up to 100-fold) (17, 19). More
recently, the presence of host-encoded CD28 in the HIV-1
envelope resulted in a close to 20-fold augmentation in virus
infectivity when target cells that expressed high levels of CD80
(B7.1) and CD86 (B7.2), two natural ligands of CD28, were
used (23).

Although the exact mechanism(s) governing the incorpora-
tion process of host proteins into budding virions is still un-
clear, the candidate molecule has to be located at the cell
surface once the viral entity is extruded from the infected cell
in order to be efficiently inserted into HIV-1. Considering that
the surface expression levels of several membrane proteins are
tightly regulated at different stages of cell activation and that
HIV-1 replication is closely linked with the cellular activation
state, studies analyzing the biological functions of virion-an-
chored host proteins should concentrate on surface molecules
that are up-regulated upon cell activation or that are not down-
regulated after HIV-1 infection.

CD80 and CD86 are the two natural ligands for CD28 and
cytolytic-T-lymphocyte-associated antigen 4 (CTLA-4) (re-
viewed in reference 12). These two type I transmembrane
glycoproteins are expressed on several cell types (e.g., Band T
lymphocytes, cells of the monocytic lineage, and dendritic
cells), allowing them to supply a second antigen-independent
signal, called costimulation. The surface expression of both
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molecules is modulated during the normal immune response
by cytokines (e.g., gamma interferon [IFN-y] or granulocyte-
macrophage colony-stimulating factor [GM-CSF]), by bacterial
constituents (e.g., lipopolysaccharide), or after signaling events
transduced through specific membrane proteins (e.g., the
CD40/CD40L interaction, major histocompatibility complex
class II molecules, B-cell receptor, etc.) (reviewed in reference
28). For example, the treatment of monocytes with IFN-y
induces CD80 expression while it upregulates CD86 expression
on such cells (14). The coengagement of CD3 and CD28 re-
sults in the induction of both CD80 and CD86 on the surfaces
of CD4™ T lymphocytes (4, 14, 48, 56). Considering that CD4™
T lymphocytes and monocytes/macrophages constitute major
cellular reservoirs of HIV-1 in vivo, it is thus tempting to
speculate that HIV-1 can incorporate CD80 and CD86. There
is actually a paucity of data concerning the incorporation of
these two costimulatory molecules into HIV-1 particles. In a
qualitative analysis of host-derived antigens found at the sur-
faces of HIV-1 virions, host CD86 was found to be inserted in
viruses produced from infected dendritic cells (DCs) and T-cell
cultures as well as in progeny viruses harvested from DC and
T-cell cocultures (20). It has also been demonstrated that lab-
oratory and clinical isolates of HIV-1 preferentially incorpo-
rate CD86 over CD80 (16). A functional role for virus-embed-
ded host CD86 was provided by a study showing that the
binding of CD86-bearing HIV-1 virions, in combination with
T-cell receptor (TCR)-mediated biochemical events, leads to
nuclear translocation of two transcription factors, NF-kB and
NFAT, in an established CD28-expressing human T-cell line
(7). However, there is no information on the contribution of
virus-anchored CD80 and CD86 to HIV-1 replication.

We report here that virus attachment, internalization, and
production are all increased for HIV-1 particles bearing host
CD80 or CD86 compared to those in isogenic viruses lacking
these cell membrane constituents. We further demonstrate
that the potentiating effect is due to interactions between vi-
rally embedded CD80 and CD86 and cell surface CD28 and
CTLA-4. We confirm that CD86-bearing viruses have the ca-
pacity to form a synergy with the TCR/CD3 complex, leading
to the activation of the nuclear transcriptional factor NF-«B,
and extend this property to CD80-bearing HIV-1 particles. In
addition, we demonstrate that the coexpression of CTLA-4 at
the T-cell surface abolishes this HIV-1 costimulatory property.
Finally, CD80 and CD86 were detected in several clinical
strains of HIV-1 bearing distinct coreceptor profiles that were
produced from M-CSF-treated macrophages. These data con-
firm the notion that the biology of HIV-1 is influenced not only
by virus-encoded proteins but also by host cell constituents that
are incorporated into mature virions.

MATERIALS AND METHODS

Cells. The parental lymphoid T-cell Jurkat line (clone E6.1) was obtained from
the American Type Culture Collection (Manassas, Va.). Jurkat cells, which lack
expression of endogenous CTLA-4, were stably transfected with a vector,
pBIG2i, encoding the CTLA-4 molecule (CD152). This plasmid contains a hy-
brid bidirectional tetracycline-responsive promoter element to direct the expres-
sion of both CTLA-4 and the rtTAN tetracycline-responsive transactivator. The
expression of CTLA-4 is achieved by adding doxycycline (100 ng/ml) to the cell
culture (6). The human lymphoblastoid T-cell line CEM-T4 is a natural isolated
subclone of the CEM line that expresses a high surface level of CD4 (obtained
through the AIDS Repository Reagent Program, Rockville, Md.). Flow cytomet-
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ric analyses revealed that these cell lines are all positive for CD28 (data not
shown). The RAJI-CD4 cell line has been described previously (9) and expresses
neither CD28 nor CTLA-4 (data not shown). DT30 cells are murine mastocy-
toma P815 cells stably expressing human cell surface CD80 proteins (2). Such
cells also express murine Fcy receptors and are thus capable of binding and
cross-linking soluble antibodies. DT30 cells were fixed briefly in 1% paraformal-
dehyde, washed extensively with phosphate-buffered saline (PBS), and then
stored frozen at —85°C. Since such cells are fixed, they do not grow or secrete
factors that could mediate signal transduction in the studied target cells. In our
experiments, DT30 cells were used to stimulate Jurkat cells at a 1:1 ratio. Jurkat,
CEM-T4, RAJI-CD4, and DT30 cells were maintained in a complete culture
medium made of RPMI 1640 supplemented with 10% fetal bovine serum (FBS;
Invitrogen), glutamine (2 mM), penicillin G (100 U/ml), and streptomycin (100
pg/ml). 293T cells are human embryonic kidney cells that express the simian
virus 40 large T antigen. These cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% FBS, L-glutamine (2 mM), penicillin G (100
U/ml), and streptomycin (100 pg/ml). Flow cytometric studies indicated that
293T cells are negative for CD80 and CD86 (data not shown). Primary human
peripheral blood lymphocytes (PBLs) from healthy donors were isolated by
Ficoll-Hypaque density gradient centrifugation. Cells were maintained at 10°
cells/ml in RPMI 1640 supplemented with 20% FBS in the presence of phyto-
hemagglutinin-L (1 pg/ml) and recombinant interleukin-2 (50 U/ml) for 2 days
before HIV-1 infection.

Antibodies. The anti-CD3 hybridoma OKT3 (specific for the € chain of the
CD3 complex) was obtained from the American Type Culture Collection. An-
tibodies from this hybridoma were purified by the use of mAbTrap protein G
affinity columns according to the manufacturer’s instructions (Pharmacia Bio-
technology AB, Uppsala, Sweden). The monoclonal antibody 9.3 is specific for
human CD28 and inhibits interactions between CD28 and CD80/CD86 (32, 33)
(kindly provided by J. A. Ledbetter, Bristol-Myers Squibb Pharmaceutical Re-
search Institute, Princeton, N.J.). The monoclonal antibody 10A8 is directed
against human CTLA-4 (34) and was supplied by Robert Peach (Bristol-Myers
Squibb Pharmaceutical Research Institute). The monoclonal antibody L.307.4 is
specific for CD80 and was purchased from Pharmingen (Mississauga, Ontario,
Canada), while BU-63 is known to be specific for CD86 and was supplied by D. L.
Hardie (The University of Birmingham, Birmingham, United Kingdom) (15).

Flow cytometry. The expression of CD80 and CD86 on the surfaces of tran-
siently transfected 293T cells or monocyte-derived macrophages (MDM) was
monitored by using L307.4 and BU-63, respectively. Briefly, an aliquot of trans-
fected cells (10°) was washed with PBS at pH 7.4. Pelleted cells were incubated
for 30 min on ice with a saturating concentration of the primary antibody (L307.4
or BU-63; 1 ng/10° cells) in a final volume of 100 pl of PBS. The cells were
washed twice with 500 pl of PBS and incubated for 30 min with a saturating
concentration of an R-phycoerythrin-conjugated goat anti-mouse antibody (1
ng/10° cells) in a final volume of 100 w1 of PBS. Finally, the cells were washed
twice with PBS and resuspended in 300 pl of PBS containing 1% (wt/vol)
paraformaldehyde before cytofluorometric analysis (EPICS Elite ESP; Coulter
Electronics, Miami, Fla.).

Plasmids and virus preparations. The commercial pNF-kB-Luc molecular
construct contains five consensus NF-kB-binding sequences placed in front of the
luciferase gene along with a minimal promoter (Stratagene). The pHXB-Luc
vector leads to the production of single-round infectious X4-utilizing viruses,
whereas pNL4.3 is a plasmid that encodes fully infectious X4-tropic viruses.
pCDLSRa-B7.1 and pCN-B7.2 are molecular constructs coding for the human
CD80 and CD86 costimulatory molecules, respectively. Isogenic virus particles
differing only by the absence or presence of the host-derived CD80 or CD86
protein on their outer membranes were produced by calcium phosphate trans-
fection in 293T cells as described previously (10, 18, 41). In some experiments,
clinical strains of HIV-1 were produced in MDM that were treated with M-CSF.
Four field isolates of HIV-1 with distinct coreceptor usage were used for this
work: they are 93THO054/R5, 91US056/R5, 92UG046/X4, and 93UG070/X4
(AIDS Repository Reagent Program). To obtain cytokine-treated MDM, we
incubated freshly isolated PBLs for 1 h at 37°C in 48-well flat-bottom tissue
culture plates (Microtest I1I; Beckton Dickinson, Lincoln Park, N.J.) (3 X 10°
cells/ml, 500 wlivell). The cells were next washed twice with PBS to remove
nonadherent cells and were kept in culture for an additional 3 days in RPMI 1640
supplemented with 20% FBS in the presence of M-CSF (100 ng/ml). MDM were
infected overnight with the tested clinical isolates of HIV-1 and were washed
twice with PBS to remove uninternalized viruses. MDM were kept in culture in
the presence of M-CSF (100 ng/ml) and the supernatants were harvested at day
8 postinfection. Free p24 was eliminated from the tested virus preparations by
the use of centrifugal filter units (Centricon Plus-20, molecular weight cutoff of
100,000; Millipore Corporation, Bedford, Mass.). Virus stocks were normalized
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for virion content by an in-house double antibody sandwich enzyme-linked im-
munosorbent assay specific for the major viral p24 protein (8). The standardiza-
tion of p24 contents was based on a previous observation indicating that virus
preparations harvested from transfected 293T cells contain minimal amounts of
p24 that are not associated with infectious progeny virus (18). All virus prepa-
rations were stored at —85°C and underwent only one freeze-thaw cycle before
the initiation of infection studies.

Virus capture assay. The presence of virion-bound host CD80 and CD86
proteins was estimated by a previously described virus capture assay (11). Briefly,
12.5 X 10° magnetic beads (BioMag, Fc specific; PerSeptive Diagnostics, Inc.,
Cambridge, Mass.) that were previously coated with an anti-CD80 (clone L-307.4)
or anti-CD86 (clone BU-63) monoclonal antibody were incubated with similar
amounts of viral preparations, standardized in terms of the viral core p24 protein
(2.5 ng of p24 for NL4-3 and 10 ng of p24 for clinical strains of HIV-1 harvested
from MDM)), in a final volume of 1 ml of binding medium (PBS plus 0.1% bovine
serum albumin). This mixture was incubated for 1 h at 4°C on a rotating plate.
The beads were washed three times in binding medium with a magnetic sepa-
ration unit and were resuspended in 200 pl of binding medium. The amount of
captured viruses was defined by measuring the p24 content. Since CD45 has been
shown to be excluded from mature HIV-1 particles (16, 40), magnetic beads
coated with an antibody specific for human CD45RO (clone UCHL-1) were used
as negative controls.

Virus infection studies. Cells were inoculated with reporter HXB-Luc viruses
either lacking or bearing the studied costimulatory molecules CD80 and CD86.
Similar amounts of each virus stock (10 ng of p24) were used to inoculate 10°
target cells in 96-well flat-bottom tissue culture plates (Microtest III; Beckton
Dickinson). The luciferase activity was monitored with a microplate luminometer
(MLX; Dynex Technologies, Chantilly, Va.) and is expressed as relative light
units. In some experiments, virus infection was performed with fully competent
NL4-3 particles. In such instances, isogenic NL4-3 virus stocks (10 ng of p24)
were used to inoculate 10° target cells in 96-well flat-bottom tissue culture plates,
and HIV-1 production was assessed by monitoring the levels of p24 in the culture
medium. Virus stocks were pretreated on some occasions with either L-307.4,
BU-63, or an isotype-matched irrelevant control antibody (final concentration,
1 pg/ml) for 30 min at 37°C before infection. Target cells were either left
untreated or were treated with the anti-CD28 (clone 9.3) or anti-CTLA-4 (clone
10A8) antibody (1 wg/ml) for 30 min at 4°C before being inoculated with virus
preparations.

Attachment and entry assays. The binding of HIV-1 to the cell surface was
monitored as described previously (23). Briefly, virus stocks (25 ng of p24) were
exposed to 2.5 X 10° Jurkat cells for 1 h at 37°C in a total volume of 250 wl of
complete culture medium. Next, the cells were gently washed twice with 500 pl
of PBS and resuspended in 250 pl of disruption buffer (0.5% Triton X-100 in
PBS). Samples were stored at —20°C until they were assayed for their p24
content. For this set of experiments, virus stocks were pretreated or not treated
with L307.4 or BU-63 (final concentration, 1 pg/ml) for 30 min at 37°C. In some
experiments, Jurkat cells were pretreated or not treated with the 9.3 or 10A8
antibody (final concentration, 1 wg/ml) for 30 min at 4°C before being inoculated
with the virus preparations. The internalization of HIV-1 was estimated by
incubating the virus preparations (50 ng of p24) with target cells (5 X 10° cells/
ml, 250 pl/well) for 2 h at 37°C. The cells were next washed twice with 250 pl of
ice-cold PBS and were incubated for 5 min at 4°C with 250 pl of cold RPMI 1640
(without FBS) supplemented with pronase (Boehringer Mannheim, Laval, Que-
bec, Canada) at 0.1 mg/ml. The cells were washed immediately with 2 ml of
ice-cold RPMI 1640 containing 10% FBS and three times with ice-cold PBS to
eliminate the pronase. Cells were resuspended in 1 ml of disruption buffer (0.5%
Triton X-100 in PBS). Samples were stored at —20°C until they were assayed for
their p24 content.

Transfection and stimulation tests. Transient transfections were done by the
DEAE-dextran method. In brief, Jurkat cells (5 X 10°) were first washed once in
transfection solution (TS) (25 mM Tris-HCl [pH 7.4], 5 mM KCI, 0.6 mM
Na,HPO,, 0.5 mM MgCl,, and 0.7 mM CacCl,) and then were resuspended in 0.5
ml of TS containing 15 pg of used plasmid and 500 pg of DEAE-dextran/ml
(final concentration). The cell-TS—plasmid-DEAE-dextran mix was incubated
for 25 min at room temperature. Thereafter, the cells were diluted to a concen-
tration of 10° cells/ml in complete culture medium supplemented with 100 uM
chloroquine (Sigma). After 45 min of incubation at 37°C, the cells were centri-
fuged, resuspended in complete culture medium with or without doxycycline (100
ng/ml), and incubated at 37°C for 24 h. Transiently transfected Jurkat cells (100
pl at 10° cells/ml) were stimulated with 100 pl of the following stimuli: an
anti-CD3 antibody (clone OKT3) at 1 pg/ml, DT30 cells (ratio 1:1), or a com-
bination of the anti-CD3 antibody and DT30 cells. Jurkat cells were equally
incubated with HIV-1 preparations (wild type [WT], CD80, or CD86; 30 ng of
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p24) with or without the anti-CD3 antibody. After an incubation period of 8 h at
37°C, 100 pl of cell-free supernatant was drawn from each well and 25 .l of cell
culture lysis buffer (25 mM Tris phosphate [pH 7.8], 2 mM dithiothreitol, 1%
Triton X-100, and 10% glycerol [final concentrations]) was added before an
incubation at room temperature for 30 min. The extracts (20 wl) were analyzed
for luciferase activity in 96-well plates by use of a Dynex MLX luminometer.
Each well was injected with 100 pl of luciferase assay buffer [20 mM Tricine, 1.07
mM (MgCO), - Mg(OH), - 5H,0, 2.67 mM MgSO,, 0.1 mM EDTA, 270 mM
coenzyme A, 470 uM luciferin, 530 uM ATP, and 33.3 mM dithiothreitol). The
light output was measured for 20 s, with a 2-s delay. Values are expressed in rel-
ative light units, as measured by the apparatus. The results are expressed as fold
induction levels relative to the basal luciferase activity in untreated control cells.

RESULTS

A positive correlation is seen between the surface expression
level and the degree of virus-associated host CD80 and CD86.
The costimulatory molecules CD80 and CD86 have been pre-
viously reported to be present within HIV-1 (16). The level of
ICAM-1 surface expression on cells producing HIV-1 modu-
lates the amount of virion-bound host ICAM-1 (41), and the
expression of both CD80 and CD86 can fluctuate in response
to a variety of stimuli on cells that are known to harbor HIV-1,
i.e., T helper cells and macrophages (reviewed in reference
28). Thus, our first series of investigations was aimed at defin-
ing whether the incorporation process of CD80 and CD86 into
mature HIV-1 progeny viruses was quantitatively affected by
the amounts of these costimulatory proteins on the surfaces of
virus producer cells. This objective was reached by transiently
cotransfecting 293T cells with a fully infectious molecular
clone of HIV-1 (pNL4-3) in combination with increasing doses
of a mammalian expression vector coding for human CD80
(pCDLSRa-CD80) or CD86 (pCN-CD86). Data from flow
cytometric analyses demonstrated that there is a positive cor-
relation between the introduced CD80 or CD86 expression
plasmid and the level of surface expression on transfected
293T cells (Fig. 1A). Next, the physical presence in HIV-1 of
both cell surface constituents was semiquantitatively assessed
by a virus capture assay (11). As illustrated in Fig. 1B, both
host-derived molecules were acquired by mature HIV-1 parti-
cles and the virus recovery rate was influenced by the levels of
CD80 and CD86 expressed on the surfaces of 293T cells. For
the following experiments, virus stocks were produced on 293T
cells expressing comparable surface levels of CD80 and CD86
(ie., 5 pg of a CD80-encoding plasmid and between 0.1 and 0.5
ng of a CD86-encoding vector).

Virus-bound host CD80 and CD86 are functional and aug-
ment HIV-1 infectivity in several T-lymphoid cell lines and
primary human mononuclear cells. The effect of virion-an-
chored host CD80 and CD86 on the biology of HIV-1 was
tested by infecting susceptible target cells that express CD28,
one of the natural ligands of these two costimulatory mole-
cules. Two CD28-expressing lymphoid cell lines (Jurkat and
CEM-T4) were initially used as targets for reporter viruses
either lacking or bearing the host-encoded cell membrane
components. A CD4-expressing B-cell line that is negative for
CD28, i.e., RAJI-CD4, was also used as a control. As depicted
in Fig. 2, HIV-1 infectivity was enhanced by the insertion of
CD80 and CD86 into the virus envelope when the infection
was allowed to proceed in CD28-positive T-cell lines, but it was
not enhanced in RAJI-CD4 cells. Interestingly, a comparable
upregulatory effect on virus infectivity was obtained when a
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FIG. 1. Positive correlation between levels of cell surface expression of CD80 and CD86 on virus producer cells and the degree of incorporation
into HIV-1. (A) 293T cells were cotransfected with pNL4-3 and increasing amounts of an expression vector coding for human CD80 (pCDLSRa-
B7.1) or CD86 (pCN-B7.2). Forty-eight hours later, virus-containing supernatants were harvested and cells were subjected to fluorescence-
activated cell sorting analysis to monitor the surface levels of CD80 or CD86. An irrelevant isotype-matched antibody was used as a control.
(B) Similar amounts of each virus stock (2.5 ng of p24) were incubated with magnetic beads coated with antibodies specific for CD80, CD86, or
CD45. Magnetic beads coated with the anti-CD45 antibody served as controls to define the background levels of captured viruses. The data shown
represent ratios of captured virions that were reactive with the human CD80, CD86, or CD45 antibody, respectively. The results shown are from

triplicate samples and are representative of two separate experiments.

more natural reservoir of HIV-1, i.e., mitogen-stimulated
PBLs, was used.

Infectivity studies were next performed with fully competent
HIV-1, and virus production was monitored by measuring the
amount of p24 in culture supernatants. Moreover, the role
played by interactions between CD80/CD86 and CD28 in the
noticeable enhancement of HIV-1 infectivity was studied by
using blocking antibodies. In agreement with the experiments
conducted with a reporter progeny virus, the infectivity of the
fully infectious virus was still augmented by the acquisition
of host CD80 or CD86 when Jurkat cells (Fig. 3A) and PBLs
(Fig. 3B) were used as targets. The increase in HIV-1 infec-
tivity conferred by the insertion of the tested costimulatory

molecules into the virus envelope was abolished by the pre-
treatment of CD80- and CD86-bearing virions with blocking
anti-CD80 and anti-CD86 antibodies, respectively. A similar
observation was made when cells were pretreated with a block-
ing anti-CD28 antibody. Virus replication in Jurkat cells and
PBLs was unaffected by the use of isotype-matched irrelevant
antibodies (data not shown).

In addition to CD28, CTLA-4 also acts as a ligand for both
CD80 and CD86. However, CTLA-4 is not constitutively ex-
pressed on resting lymphocytes but appears at the cell surface
after T-cell activation. Thus, we also evaluated the contribu-
tion of the interaction between virus-anchored CD80/CD86
and cell surface CTLA-4 to HIV-1 replication. A derivative
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FIG. 2. Incorporation of host CD80 and CD86 increases HIV-1 infectivity in established cell lines and primary human cells. Similar amounts
of isogenic reporter viruses (HXB-Luc) either lacking (WT) or bearing host-derived CD80 or CD86 were used to inoculate Jurkat, CEM-T4, and
RAJI-CD#4 cells and PBLs. Cells were incubated at 37°C for 48 h. Finally, the cells were lysed, and luciferase activities were monitored as described
in Materials and Methods. The data shown represent the means = standard deviations (SD) from triplicate samples and are representative of three
separate experiments. RLU, relative light units.

Jurkat cell line that expresses CTLA-4 in an inducible manner
upon treatment with doxycycline was used in this set of exper-
iments. It should be specified that this Jurkat cellular clone
also carries on its surface a level of CD28 molecules compa-

A

40007
35001
30001
25001
20001

p24 (pg/ml)

1500
1000

5001

OWwWT
oCD80
B CD86

0

Anti-CDS80 :
Anti-CD86 :
Anti-CD28 :
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(data not shown). The replication of fully infectious NL4-3
virions was augmented in Jurkat cells expressing both CD28
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FIG. 3. The infectivity of CD80- and CD86-bearing HIV-1 virions is diminished by antibodies blocking interactions with CD28. Similar amounts
of isogenic fully infectious viruses (NL4-3) either lacking (WT) or bearing host-derived CD80 or CD86 were used to inoculate Jurkat cells (A) and
PBLs (B). Virus stocks were either left untreated or were treated with blocking antibodies against CD80 or CD86 before virus infections. In some
instances, the cells were left untreated or were treated with a blocking anti-CD28 antibody before HIV-1 infection. Cell-free supernatants were
harvested at 24 (Jurkat) or 96 (PBLs) h postinfection to evaluate the p24 content. The data shown represent the means = SD from triplicate

samples and are representative of three separate experiments.
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FIG. 4. The infectivity of CD80- and CD86-bearing HIV-1 particles
is positively affected by interaction with CTLA-4. CTLA-4-inducible
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means * SD from triplicate samples and are representative of three
separate experiments.
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and CTLA-4 compared to cells expressing CD28 only (Fig. 4).
These data demonstrate the importance of this second type of
interaction for the biology of CD80- and CD86-bearing prog-
eny viruses.

HIV-1 adsorption and uptake are facilitated by the incor-
poration of CD80 and CD86 into mature viruses. We com-
pared the capacities of isogenic HIV-1 particles either lacking
or bearing host-derived CD80 and CD86 to attach and bind to
Jurkat cells expressing CD28 only or both CD28 and CTLA-4.
As shown in Fig. 5A, the insertion of CD80 and CD86 into
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HIV-1 led to a significant increase in the attachment of viruses
to the cell surface, a process which was eliminated by a block-
ing antibody specific for CD80, CD86, or CD28. These anti-
bodies did not affect the attachment of progeny viruses lacking
host CD80 or CD86 to the cell surface. Moreover, a treatment
with isotype-matched irrelevant control antibodies had no ef-
fect on HIV-1 attachment to the studied target cells (data not
shown). Studies performed with CD28" CTLA-4" Jurkat cells
in combination with a blocking anti-CD28 or anti-CTLA-4
antibody confirmed that both cell surface molecules are in-
volved in the binding of CD80- or CD86-bearing virions to
such target cells (Fig. 5B).

By facilitating the initial step in the HIV-1 life cycle, addi-
tional interactions between virus-anchored host CD80 or CD86
and CD28/CTLA-4 can be proposed to increase the probability
for viral gp120 to encounter its two natural ligands, i.e., CD4
and the appropriate chemokine coreceptor, thus favoring the
fusion of viral and cellular membranes and virus entry. This
scenario was investigated by assessing the internalization of
isogenic virions either lacking or bearing host CD80 or CD86
by an HIV-1 entry assay (23). The data shown in Table 1
indicate that HIV-1 entry is more efficient for virions bearing
CD80 and CD86 than for isogenic progeny viruses lacking
these two host cell membrane constituents. Altogether, our
observations reveal that the acquisition of CD80 or CD86 by
mature virus particles represents a process that will ultimately
favor the most proximal steps in the HIV-1 replicative cycle.

CD80 and CD86 incorporation confers costimulatory prop-
erties on HIV-1 particles. It was previously reported that
CD86-bearing HIV-1 virions can provide a cosignal that forms
a synergy with TCR/CD3-mediated biochemical events to fully
activate some important transcriptional factors, such as NF-kB
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FIG. 5. Attachment to CD28- and CD28/CTLA-4-expressing target cells is enhanced by the presence of host CD80 and CD86 in HIV-1. (A)
Similar amounts of isogenic fully infectious viruses (NL4-3) either lacking (WT) or bearing host-derived CD80 or CD86 were incubated with
CD28-expressing Jurkat cells. In some instances, virus preparations were left untreated or were treated with blocking anti-CD80 or anti-CD86
antibodies prior to incubation with target cells. Additionally, Jurkat cells were either left untreated or were pretreated with a blocking anti-CD28
antibody before incubation with HIV-1 particles. (B) Similar studies were performed with CD28/CTLA-4-expressing Jurkat cells which were either
left untreated or were pretreated with blocking anti-CD28 or anti-CTLA-4 antibodies before inoculation with virus stocks. After incubation, the
cells were washed twice with PBS to remove unattached virus particles and the levels of cell-associated p24 were estimated by an enzymatic assay.
The data shown represent the means = SD from triplicate samples and are representative of three separate experiments.
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TABLE 1. Internalization of isogenic HIV-1 particles either lacking
(WT) or bearing host-derived CD80 or CD86 glycoprotein
in Jurkat cells

% Virus entry

Virus Total p24 Intracellular p24 . 1ul 24
stock (pg/ml)* (pg/ml)” <‘:g::f;23 evel) /
WT 1,194 + 69 576 = 14 48.2
CDS80 1.582 = 18 1,407 = 15 88.9
CDS86 1,761 = 28 1.654 + 46 93.9

“The data shown represent the means * SD from triplicate samples and are
representative of three separate experiments.

and NFAT (7). It should be emphasized that this study was
performed with the CTLA-4-negative parental Jurkat cell line.
Thus, we evaluated the possible activation of NF-«B by CD80-
and CD86-bearing progeny viruses by using cells expressing
both CD28 and CTLA-4. To this end, the CTLA-4-inducible
Jurkat derivative was transfected with a molecular construct
made of the luciferase reporter gene under the control of a
basic promoter element (TATA box) joined to five tandem
repeats of NF-«kB binding elements (pNF-kB-Luc). Cells were
next either left untreated (CD28™) or treated with doxycycline
(CD28" CTLA-4") before being exposed to CD80- and CD86-
bearing HIV-1 virions in the absence or presence of the anti-
CD3 monoclonal antibody OKT3. The CD80-expressing DT30
cell line was preincubated with the anti-CD3 antibody and was
used as a positive control. We found that both CDS80- and
CD86-bearing virions can efficiently provide the costimulatory
signal necessary to achieve NF-«kB induction (Fig. 6). More-
over, the presence of CTLA-4 at the cell surface resulted in a
significant decline in NF-«kB activation that was seen upon
incubation with CD80- or CD86-bearing HIV-1 and TCR/CD3
engagement.

Efficient incorporation of CD80 and CD86 in clinical iso-
lates of HIV-1 produced by cytokine-treated macrophages. As
specified above, the two most important cellular reservoirs of
HIV-1, i.e., monocytes/macrophages and CD4* T lympho-
cytes, can also express both CD80 and CD86 (3, 4, 14, 24, 25,
48, 56). Since CD80 and CD86 are upregulated after the treat-
ment of cells of the monocytic lineage with cytokines (reviewed
in reference 28), we finally studied the process of CD80 and
CD86 incorporation in field isolates of HIV-1 bearing distinct
coreceptor utilization profiles (i.e., RS and X4). Treatment
with M-CSF led to an important increase in CD80 and to a
more modest augmentation of CD86 on the surfaces of pri-
mary human MDM (Fig. 7A). By using a sensitive antibody-
based virus capture assay, we found that the four clinical iso-
lates of HIV-1 tested incorporated both CD80 and CD86 when
they were expanded in M-CSF-treated MDM (Fig. 7B).

DISCUSSION

The acquisition of host components by retroviruses, par-
ticularly HIV-1, has been extensively described during the
last decade. Such host molecules are incorporated into newly
formed viral entities during the budding process, but the pre-
cise mechanism(s) governing this phenomenon remains vague.
However, it is becoming clear that the insertion of some de-
fined host cell membrane components into mature virions has
various impacts on the HIV-1 life cycle and/or virus suscepti-
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bility to immune defense. For example, CD55 and CD59 con-
tribute to complement resistance (47); HLA-DR, CD28, and
some adhesion molecules (e.g., ICAM-1, LFA-1, and VLA-4)
increase virus infectivity by facilitating the binding and entry
process when the target cell expresses the appropriate coun-
terligand (10, 18, 23, 30); ICAM-1 renders HIV-1 virions less
susceptible to antibody-mediated neutralization (17, 44); major
histocompatibility complex class II (MHC II) molecules pres-
ent superantigens, leading to a polyclonal activation of T cells
(45); and CD86 results in intracellular signal transduction
events which, when coupled with the engagement of the TCR/
CD3 complex, culminate in the nuclear translocation of both
NF-«kB and NFAT (7).

Studies aimed at monitoring the presence of the costimula-
tory molecules CD80 and CD86 in HIV-1 have been limited
despite the fact that the CD28/B7 receptor/ligand system is
considered one of the dominant costimulatory pathways. Frank
and colleagues performed a phenotypic characterization of
host-derived molecules acquired by HIV-1 and reported the
presence of CD86 in virus isolates produced by DCs, T lym-
phocytes, and DC-T-cell cocultures (20). CD86 has been re-
ported to be efficiently incorporated by an X4-tropic laboratory
isolate of HIV-1 (7). More recently, it was shown that clinical
isolates of HIV-1 amplified in primary human cells were cap-
tured by anti-CD86 antibodies, and to a lesser extent, by anti-
CD80 antibodies (16).

We demonstrate here that HIV-1 replication is improved by
the acquisition of CD80 and CD86 through a mechanism fa-
cilitating the binding and entry process. Moreover, we demon-
strate that this phenomenon results from the specific interac-
tion between CD80 and CD86 and their two natural ligands,
CD28 and CTLA-4. We also found that both CD80 and CD86
confer on the virus the capacity to provide the cosignal re-
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FIG. 6. CD80- and CD86-bearing HIV-1 particles provide costimu-
latory signal leading to activation of NF-kB when combined with en-
gagement of the TCR/CD3 complex. The CTLA-4-inducible Jurkat
cell line was transfected with an NF-kB-driven reporter gene construct
before treatment with an anti-CD3 antibody (clone OKT3), DT30
cells, a combination of anti-CD3 and DT30 cells, or viruses either
lacking or bearing host CD80 or CD86 in the absence or presence of
the anti-CD3 antibody. After 8 h of incubation, the cells were lysed and
assayed for luciferase activity. The results shown are the means (+ SD)
from triplicate samples and are expressed as the fold induction relative
to the basal luciferase activity in the untreated control (NT). These
data are representative of two separate experiments.
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quired for the activation of NF-kB, a phenomenon that is
abolished upon expression of CTLA-4. Finally, the physiolog-
ical relevance of the incorporation of CD80 and CD86 into
HIV-1 was provided by the observation that both RS and X4
field variants of HIV-1 produced by cytokine-treated MDM
were efficiently captured by either anti-CD80 or anti-CD86
antibodies. In the present work, the involvement of the
CD28/B7 system in favoring virus production was established
by using two CD28-expressing T-lymphoid cell lines (Jurkat
and CEM-T4), whereas the contribution of CTLA-4/B7 immu-
nobiology to this phenomenon was illustrated by using a de-
rivative Jurkat cell line expressing doxycycline-inducible WT
human CTLA-4 molecules in addition to CD28. It is interest-
ing that, despite the low level of cell surface expression of
CTLA-4 compared with CD28 (data not shown), the interac-
tion between CTLA-4 and virion-anchored CD80 or CD86
contributes significantly to the noted increase in HIV-1 infec-
tivity. Such a finding can be explained by the fact that the
avidity of CTLA-4 for CD80 and CD86 is 100-fold higher than
that for CD28 (37, 53). This last observation might have some
significance in vivo, since it is known that only a small percent-
age of CTLA-4 reaches the cell surface of activated CD4* T
lymphocytes (29, 31). The importance of interactions between
virus-associated host CD80/CD86 and CD28/CTLA-4 in HIV-
1 biology was confirmed in a natural cellular reservoir, PBLs.
However, the impact of virus-anchored host CD80 and CD86
on HIV-1 infectivity in primary human cells was more modest
than the effect on virus infectivity when lymphoid cell lines
were used as targets. The explanation for such differences is
unknown but could relate to differences in the surface expres-
sion levels of CD80 and CD86 ligands (CD28 and CTLA-4) on
primary human cells versus established cell lines. It can also be
proposed that interactions between virus-bound host mole-

cules other than CD80 and CD86 and their normal receptors
are different when primary human cells or lymphoid cells are
used. Given that sugar groups located on gpl120 have been
shown to associate through CD4-independent mechanisms
with sugars or lectin-like domains on some specific cell surface
receptors (reviewed in reference 13), it is also possible that the
different impact of virus-associated host CD80 and CD86 on
HIV-1 infectivity in PBLs compared to that in established cell
lines is linked to the nature of additional interactions between
cell surface constituents that can interact with gp120. Further
studies are needed to shed light on this matter.

CD80 and CD86 were found to be acquired by field isolates
of HIV-1 grown on M-CSF-treated MDM. Moreover, such
progeny virions were more efficiently captured by an anti-
CDS80 antibody than by an anti-CD86 antibody. This was in
contrast with a study conducted by Esser and coworkers, who
reported that HIV-1 preferentially acquires CD86 compared
to CD80 (16). Differences in experimental methodologies may
account for the discrepant results. For example, there may
have been differences with respect to the virus capture assay,
the antibodies used to precipitate viruses, and/or the virus
producer cells. Furthermore, the data from Esser’s group were
obtained with virus stocks prepared in untreated MDM while
our virus preparations came from M-CSF-treated MDM. Re-
cent evidence has suggested that HIV-1 assembles on late
endocytic membranes in primary human macrophages and ac-
quires antigens that are characteristic of this intracellular com-
partment (42). There is currently no information available on
the presence of CD80 and CDS86 in late endosomes and of
course on a possible modulatory effect of M-CSF on CDS80/
CD86 expression in such cellular compartments. Based on this
new observation, we postulate that the treatment of MDM
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with M-CSF modulates the process of incorporation of host-
derived CD80 and CD86 into late endosomes.

The expression of CD80 and CD86 is almost exclusively
restricted to lymphoid tissues, primarily on professional anti-
gen-presenting cells (APCs), including DCs, monocytes, and B
cells. Both CD80 and CD86 expression is induced upon cell
activation, with different kinetics and in response to a variety of
stimuli (reviewed in reference 12). Microbial constituents such
as bacterial lipopolysaccharide or cytokines produced during
inflammation will induce or upregulate CD80 and CD86 on
APCs, rendering them fully competent to activate T lympho-
cytes. For example, IFN-y and GM-CSF increase the expres-
sion of both CD80 and CD86 on monocytes/macrophages (5),
although interleukin-10 blocks their expression (55). Signaling
through membrane proteins (e.g., CD40/CD40L, MHC-II,
BCR, etc.) is another mechanism by which CD80/CD86 ex-
pression is regulated (21, 24, 39, 43, 46, 54). For instance, T
lymphocytes activated through CD3/CD28 will express both
CD80 and CD86 (4, 14, 48, 56). Thus, it will be interesting to
investigate the possible relationships between the types of pro-
ducer cells in which HIV-1 is expanded (e.g., CD4" T cells
versus macrophages), the types of stimuli used to activate virus
producer cells, and the degree of incorporation of CD80 and
CDS86 into mature HIV-1 particles.

Infected macrophages serve as long-lived reservoirs of
HIV-1 under in vivo conditions. The regulation of HIV-1 ex-
pression in this cell type is complex, but it is generally associ-
ated with cell activation and differentiation (27, 36). During the
normal immune response, macrophages serve as APCs to
present foreign antigens to CD4-expressing T lymphocytes.
Intimate contact between an APC and a T cell leads to the
upregulation of costimulatory molecules (e.g., CD80/CD86 on
macrophages and CTLA-4 and CD40L on T cells) as well as
the activation of HIV-1 transcription and production (35, 38,
50, 51). Thus, it can be proposed that antigen presentation
and/or the presence of some specific cytokines in the milieu
surrounding HIV-1-infected macrophages will result in the
expression of CD80 and CD86 and also in the production of
HIV-1 particles bearing CD80 and CDS86 in their envelopes.
The additional interactions between virus-anchored CD80 and
CDS86 with their natural cognate ligands might accelerate the
process of infection of CD28/CTLA-4-bearing T lymphocytes,
an event favoring the spread of HIV-1.

In this study, we confirmed the ability of virally embedded
CD86 to mediate signal transduction through its natural re-
ceptor, CD28, and extended this property to CD80-bearing
virions. Moreover, we showed that the presence of CTLA-4 at
the cell surface impedes this costimulatory capacity. It is still
unknown if the negative effect of CTLA-4 with regard to
NF-kB activation is due to a CTLA-4-mediated signal trans-
duction event or a sequestration of CD80- and CD86-bearing
particles by CTLA-4 due to its higher affinity for CD80 and
CD86 than CD28 has. Additional experiments are needed to
solve this issue. Although previous works have shown that the
engagement of CD28 in the absence of TCR-mediated bio-
chemical events generally has no physiological effect (12), it
should be kept in mind that HIV-1 incorporates significant
quantities of MHC II molecules (1). Assuming that HIV-1
bears on its surface CD80 and/or CD86 in combination with
MHC II molecules loaded with a nominal antigen, a possible
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contact with a T cell bearing a TCR specific for this antigenic
peptide might result in cell activation. The establishment of an
activated state can reveal the physiological significance in the
pathogenesis of HIV-1 infection. Indeed, this process can pro-
mote virus transcription if the responding T cell is latently
infected with HIV-1. In addition, cellular activation can create
a cellular microenvironment that is more favorable for a pro-
ductive HIV-1 infection.

In conclusion, HIV-1 infections are highly dependent on the
interaction between the viral protein gp120/gp41 and the cell
surface receptor CD4. In addition to this interaction, the par-
ticipation of one chemokine coreceptor (usually CXCR4 or
CCRY) is required to give rise to fusion between the viral
envelope and the cell membrane. However, recent data have
indicated that the attachment of HIV-1 particles to cell sur-
faces is not only attributed to the interaction between the spike
Env glycoproteins with appropriate receptors but is also influ-
enced by a large number of molecules that may serve to con-
centrate the virus on the cell surface. For example, cell types
such as macrophages and DCs express barely detectable levels
of CD4, and their initial contact with HIV-1 is most likely due
to CD4-independent interactions. In these situations, the at-
tachment process is under the influence of interactions be-
tween sugar groups on the Env glycoproteins and other sugars
or lectin-like domains on cell surface receptors, such as the
mannose-specific macrophage endocytosis receptor (26). Ad-
ditionally, virus binding to macrophages depends heavily on
the glycosaminoglycan heparan sulfate since the treatment of
target cells with heparinase abolishes HIV-1 attachment while
blockers of the gp120-CD4 interaction have no effect on virus
binding (49). Supplementary interactions between cell-derived
molecules incorporated onto HIV-1 virions and their ligands
will increase the frequency of Env-receptor interactions and
enhance the overall efficiency of virus entry because fusion
does not occur until a certain amount of CD4 and coreceptor
molecules are recruited to elicit the formation of a fusion pore.
In summary, this study further reinforces the concept that the
biology of HIV-1 is affected by virion-associated host cell pro-
teins. Our findings confirm the high degree of complexity of
the interactions occurring between a pathogen such as HIV-1
and its cellular target.
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